We study a method for controlling the flow of excitation through decaying levels in a three-level ladder excitation scheme in Na 2 molecules. Like the stimulated Raman adiabatic passage ͑STIRAP͒, this method is based on the control of the evolution of adiabatic states by a suitable delayed interaction of the molecules with two radiation fields. However, unlike STIRAP, which transfers a population between two stable levels g and f via a decaying intermediate level e through the interaction of partially overlapping pulses ͑usually in a ⌳ linkage͒, here the final level f is not long lived. Therefore, the population reaching level f decays to other levels during the transfer process. Thus, rather than controlling the transfer into level f, we control the flow of the population through this level. In the present implementation a laser P couples a degenerate rovibrational level in the ground electronic state X 1 ⌺ g + , vЉ =0, jЉ = 7 to the intermediate level A 1 ⌺ u + , vЈ = 10, JЈ = 8, which in turn is linked to the final level 5 1 ⌺ g + , v = 10, J = 9 by a laser S, from which decay occurs to vibrational levels in the electronic A and X states. As in STIRAP, the maximum excitation flow through level f is observed when the P laser precedes the S laser. We study the influence of the laser parameters and discuss the consequences of the detection geometry on the measured signals. In addition to verifying the control of the flow of population through level f we present a procedure for the quantitative determination of the fraction f of molecules initially in the ground level which is driven through the final level f. This calibration method is applicable for any stepwise excitation.
I. INTRODUCTION
Preparation of atoms or molecules in well-defined quantum states is required in many branches in physics, such as atomic and molecular collisions, 1 control of chemical reactions, 2 quantum information processing, 3 and investigation of atoms and molecules in highly excited ͑Rydberg͒ states. 4 A single-photon excitation is often not practical for the excitation of atomic or molecular Rydberg states, either because the handling of the required short wavelength photons is inconvenient or because the transition dipole moment is too small. Therefore, it is often necessary to proceed with some form of multiple-step ͑or multiphoton͒ excitations. The simplest of these, considered here, is via two laser fields that resonantly link three degenerate levels ͑ground g, intermediate e, and final f͒ in a ladder linkage pattern of increasing energy E g Ͻ E e Ͻ E f . The theoretical treatment of lossy three-state excitation by near-resonant pulsed lasers, as underlies the present work, dates back many years ago ͑see for example Ref. 5͒ . These discussions of adiabatic and nonadiabatic passages are applicable here.
In this work we expand on the results presented in Ref. 6 by providing a comparison of experimental results with numerical simulation studies and by discussing a calibration procedure to allow a quantification of the results. We present data that demonstrate the control of the population flow through the degenerate levels e and f by means of the delay between two laser pulses. 6 The coupling scheme is shown in Fig. 1 . A laser P couples the g level to the intermediate level e, which in turn is coupled to the final level f by laser S.
It is straightforward to move population through level e alone by a single-photon excitation driven by the P field. However, few methods can accomplish a two-photon transfer with high probability. The technique presented earlier 6 for the preparation of molecules or atoms in highly excited levels has remarkable advantages over existing methods. In particular, it requires smaller intensities. Like the stimulated Raman adiabatic passage ͑STIRAP͒, it is robust against smallto-moderate variations of intensity. We here verify the success of this method quantitatively using a novel procedure for calibrating the population flow.
Several schemes that will move the population through level f alone can be imagined. The methods can be distinguished by the timing of the two fields ͑either simultaneous or delayed͒ and whether the frequencies, possibly detuned from the respective resonances, are fixed or swept through the resonance. 7 When the pulses act simultaneously at fixed frequencies and if both fields are resonant, with the timeintegrated interaction strength suitably chosen, the sequence of pulses will move the population first into level e and then into level f. Damped one-and two-photon Rabi oscillations that produce population flow through levels e and f occur. With the use of monotonically varying detuning ͑a chirp͒, it is also possible to move the population effectively between two quantum states, via a chirped-frequency adiabatic passage. In either case, however, some populations inevitably flow out of level e.
We discuss an alternative procedure, 6 one in which it is possible to direct the flow of the population either completely through level e or through level f by adjusting the delay of the two pulses. When the molecules interact first with the P pulse, almost all the populations will decay through level e. If the pulses are applied simultaneously, some populations will decay through level f. However, if the S pulse arrives before the P pulse, almost all the populations will decay through level f. Thus, control of the pulse timing offers a means for controlling the population flow.
The STIRAP method 8 provides a high selectivity and efficiency, since it allows a complete population transfer to a unique target level. The linkages are such that the intermediate level e has a greater energy than do the initial and the final levels ͑a ⌳ linkage͒. The success of this method relies on the use of a pulse sequence wherein the S pulse ͑connect-ing levels e and f͒ precedes the P pulse ͑connecting g and e͒. This method has been widely studied, both in atomic and molecular systems, but mainly in the traditional ⌳ linkage. Prior to our previous work on this subject 6 there was one experimental work related to a STIRAP-like technique in a ladder configuration in atoms. 9 A numerical study of the same system appeared in Ref. 10 . Results from further theoretical works will appear in Ref. 11 .
There is one essential difference between driving population up a ladder and the usual STIRAP transfer process in a ⌳ system. In a ladder the final level decays on a time scale which is ͑much͒ shorter than the interaction time with the laser. Therefore, there exists no proper adiabatic dark state, 12 an adiabatic state that traps the population of the g-e-f level system despite the coupling to the radiation fields. Rather than considering the level population, we need to discuss the population flow through this level. The latter is represented by the time-integrated excitation probability, and not by the population transfer ͑which is ultimately zero͒. Maximizing the population flow through the upper level f is the most relevant goal for collision studies involving excited molecules. The benefit is particularly valuable if the collision process involves a barrier which prevents contributions from level e or if the outcome of the collision can be directly linked to level f, for instance, by energy balance.
II. EXPERIMENTAL SETUP
The experiments were performed in a supersonic beam of Na 2 molecules. The apparatus has been described in Sec. III of Ref. 13 . Briefly, some 99% of the molecules were in the ground vibrational level vЉ = 0; the distribution over the rotational levels had a maximum at JЉ = 7. The number density of molecules was about 2 ϫ 10 10 cm −3 in the interaction zone with the laser radiation. The mean flow velocity of molecules in the beam was 1340 m / s, with a 1 / e full width of the velocity distribution of 260 m / s. The molecular beam was collimated to a diameter of 3 mm, with a divergence angle Ϸ1°, resulting in a Doppler width of the molecular transitions of about 30 MHz when excited by radiation which propagates perpendicular to the molecular beam axis.
The molecular beam was crossed at right angles by three parallel cw laser beams ͑all Coherent Co., CR-699-21 dye lasers, with bandwidth ⌬ L Շ 1 MHz͒ ͑see Fig. 2͒ . The P and S lasers were linearly polarized parallel to the molecular beam axis. They were focused by means of a cylindrical lens, with the long axis perpendicular to the molecular beam axis. The focal position of the S beam relative to the P beam along the molecular beam axis was controlled by a micrometer screw-driven stepper motor. The adjustment of the beam waists and positions were monitored using a beam-profile measurement device ͑Dataray Beamscope-P7͒. A third laser beam D used for calibrating the efficiency of the process crossed the molecular beam downstream from the excitation zone. The fluorescence from the interaction zone with the S and P lasers was collected by two optical fiber bundles and detected by two photomultipliers equipped with filters that allowed the separation of the fluorescence from levels e and f. The fluorescence signal induced by the D laser was also collected by an optical fiber and detected by a third photomultiplier further downstream.
III. EXPERIMENTAL RESULTS
We present in this section quantitative experimental results for the fraction of the initial level population which reaches the final level f. This fraction can be controlled through the power of the lasers, the detunings, and the spatial offset between the axes of the laser beams. The calibration procedure which puts the results on an absolute scale is discussed in Sec. IV.
The results of interest involve an excitation produced by P and S lasers and a fluorescence decay from the final level, as in the schematic sequence
Decay occurs also from the intermediate level e. We detect the fluorescence from f as a signal S f , and that from the excited level e as S e ; wavelength dependent filters discriminate between these two signals.
The signals S n ͑n = e , f͒ are proportional to the time integral of P n ͑t͒, which gives the probability of a molecule to be found in level n at time t, and to the decay rate ⌫ n from level n. The parameter f ͑see Sec. IV A 2͒, which gives the fraction of the molecules initially in the ground level g and that have decayed through level f, is given by
A. Control through offset Figure 3 shows a typical result for the averaged fraction f ͑see Sec. IV A 3 below͒ of the initial level population driven to level f as a function of the displacement d between the axes of the P-and S-laser beams, when both lasers are resonant ͑full circles͒ and when the S and P lasers are detuned by ⌬ P = 200 MHz and ⌬ S = −200 MHz ͑open circles͒ while maintaining the two-photon resonance ⌬ P + ⌬ S =0. Here we define detunings as
This experimental data has been displayed in an earlier work. 6 Now we put them on an absolute scale and add some numerical simulation. Unlike the signal from level f, the normalization of the signal from level e is not possible with the current experimental setup for reasons discussed in Sec. IV.
For these results the position of the S-laser beam remained unchanged, while the axis of the P-laser beam was moved with respect to the axis of the S-laser beam along the molecular beam axis. The powers of the P and S lasers were 400 and 390 mW, respectively. The P and S-laser beams were focused to a Gausian waist of 90 and 120 m, respectively, with the long axis of 1.2 mm perpendicular to the molecular beam axis. For d = 0 the axis of the S and P lasers coincided. For d Ͻ 0 the molecules interacted with the S-laser field first. The signal shown in Fig. 3 , exhibits the typical signature of a STIRAP-type process. A maximum efficiency of about 95% is observed for d Ͻ 0 ͑corresponding to a "counterintuitive" pulse sequence͒. Thus, for d Ͻ 0 and for laser pulses with a sufficient overlap, the population flows almost entirely through the upper level. Of course, when there is no overlap or the P-laser field precedes the S field d Ͼ 0, excitation flows almost entirely through the intermediate level e. The population that flows through level f will decay to other levels, including level e. For our level scheme according to previous calculations, 14 a fraction of about r = 0.35 of the molecules which are excited to level f will decay to level e. The population dynamics takes place during the relevant time interval that begins with the arrival of the P pulse and ends within T flow ϳ f , where i =1/⌫ i is the total spontaneous emission rate from level i. 6 Since the lifetime f is much shorter than the pulse duration, after spontaneous transitions from level f to level e the S-laser intensity is still large, while the P-laser intensity is small. Thus, the strong S laser will induce damped Rabi oscillations between levels e and f with a frequency that is much larger than the level decay rates ⌫ i =1/ i . In the limit of a very high Rabi frequency ⍀ӷ⌫ i , the mean populations of the levels are equal. Then, the rate of the total population decay out of the system is ⌫ t = ͓͑1 − r͒⌫ f + ⌫ e ͔ / 2, with the mean rate dS i / dt = ͑1/2͒⌫ i exp͓−⌫ t t͔ of the spontaneous photon emission from level i ͑including spontaneous photons of the transition from f to e for the case i = f͒. Thus, the maximum number of spontaneous photons emitted from state f by a single molecule is S f,max =1 + r⌫ f /2⌫ t Ͼ 1. The maximum number of photons that can be emitted from level e is S e,max = r⌫ e / ⌫ t . Under the conditions of the experiment we have ⍀ S 2 տ⌫ e ⌫ f . Thus, the ratio f / T of the spontaneous emission lifetime f and the pulse duration T ϳ 70 ns is not very small compared to unity, and therefore the influence of the pump laser is also important. As a result, the observed f would not increase by more than 10%, compared to the value expected for r = 0. However, as explained in Sec. IV A 2, our calibration procedure is based on the measurement of fluorescence signals induced from the ground level g by the molecules that flowed through level f and decayed to the ground level g 2 ͑see Fig. 5͒ . Therefore, cycling of the population between the f and e levels ͑induced by the S laser͒, accompanied by the emission of more than one photon, does not affect the calibration of f .
We simulated numerically ͑using the density matrix approach͒ the fluorescence signals averaged over longitudinal and transverse velocities, magnetic sublevels M, and spatial coordinates ͓see Eq. ͑13͒ in Sec. IV͔. The signals S n ͑n = e , f͒ are proportional to the time integral ͐ −ϱ +ϱ dt nn ͑t͒, where nn ͑t͒ = P n ͑t͒ is a density matrix element for state n. We have taken into account the magnetic sublevel degeneracy by considering the transition JЉ Û JЉ +1Û JЉ + 2 as a set of independent three-level systems, the coupling strength of which depends on the magnetic quantum number M. This approach is valid for a linear polarization when the coupling by the laser fields is only between sublevels with the same M. In the simulation we neglect the coupling between different subsystems due to the spontaneous emission. Although the data from the simulation and the experiment do not agree perfectly, the experimentally observed trend is qualitatively well reproduced.
We observe two different trends as the detuning increases: first, a small decrease of the population flow through the final level and, second, the maximum shifts towards smaller displacements. These trends can be understood from the following considerations.
In a ladder system with strong losses from the final level f, i.e., ⌫ f ӷ T −1 , the adiabatic condition reads as
where ͑t͒ = tan
Here the Rabi frequency is defined as ⍀ R ͑t͒ = d R ͑t͒ / ប with R = P , S, where d is the transition dipole moment and E R ͑t͒ = R ͑t͒cos͑ R t͒ is the electric field with amplitude R ͑t͒. For the present experimental conditions the detuning is comparable to the Rabi frequency, which means that this situation corresponds to an intermediate case between conditions ͑3͒ and ͑4͒. However, for ⌬ 0, a larger Rabi frequency is necessary to fulfill this condition. The point where the maximum occurs moves towards smaller negative displacements as the detuning increases. Because the Rabi frequencies of both lasers were kept to the same value, a larger overlap between the pulses is needed for achieving the maximum population flow through the final level f as the detuning is increased. The P laser controls the population dynamics because it connects the initially populated ground level to the intermediate one. This laser will pump the population faster out of the ground level if ⌬ = 0. Thus, when ͉⌬͉ Ͼ 0, a larger P-laser Rabi frequency will be needed. Because the Rabi frequency of the S laser must be large enough during the time while population is being transferred to level f, the displacement between the two lasers has to be smaller.
B. Control through laser power
As expected for an adiabatic process, the transfer efficiency is insensitive to moderate variations of the intensity of the lasers. This feature is illustrated in Fig. 4 , which shows the maximum value of the fraction f of molecules driven through the upper level f, as a function of the P-and S-laser powers, P P and P S , respectively. The data of Fig. 4͑a͒ is for a constant power P S = 420 mW, while P P is varied from 10 to 360 mW. The data shown in Fig. 4͑b͒ are obtained by varying P S from 5 to 420 mW while P P = 320 mW is kept constant. For a sufficiently high power the fraction f reaches saturation with values close to 100%. Moreover, this fraction does not decrease significantly unless the power is reduced to 50 mW or less. Within the given error bars a good agreement between theory and experiment is obtained.
The satisfaction of the adiabaticity criterion is one essential condition for driving all of the population of the initial level g through level f. In a system with strong losses the nonadiabatic coupling due to the losses will be more important than the nonadiabatic coupling produced by the time dependent Hamiltonian. A careful analysis of the population dynamics 11 shows that the following condition has to be fulfilled:
Here ⍀ S is the mean value of the S-laser Rabi frequency during the relevant time interval T flow of the population dynamics. Moreover, in order to have a full depletion of the initial level population, the interaction time has to be long enough: FIG. 4 . Variation of the fraction f of the initial population in level g, which is driven through level f. f as a function of the ͑a͒ P-and ͑b͒ S-laser powers. For the data shown in ͑a͒ and ͑b͒ laser powers were kept at P S = 420 and P P 320 mW, respectively. The full circles refer to the experimental data and the solid line to the numerical simulation.
Here ⍀ 0 is the maximum value of the P-laser Rabi frequency. Thus, intuitively, the entire process is similar to optical pumping from the ground state directly into level f by a sufficiently strong laser S. These conditions are very well fulfilled for the highest values of the laser powers used in the present experiment. Thus, the process of driving all the populations of level g through level f benefits from the robustness of an adiabatic passage process, as does STIRAP.
C. Influence of the degeneracy
We also performed measurements using the sequence of rotational transitions JЉ =1→ JЈ =0→ J = 1 for the same set of vibrational and electronic states. Because the P and S lasers are linearly polarized, this linkage represents a nondegenerate ladder of only three quantum states ͑M = 0 for each level͒. The results were almost identical to those for the ladder JЉ =7→ JЈ =8→ J = 9. Although spontaneous emission will mix M levels, this does not affect the maximum value of the population flow through the level f.
IV. THE CALIBRATION PROCEDURE
In this section, we discuss a calibration procedure which provides the quantitative information presented in Sec. III.
A. Quantifying the signal from level f
The idea
In conventional STIRAP, which operates in a ⌳-coupled level scheme, the calibration of the transfer efficiency from the stable initial to the stable final level is straightforward. 8 If the system is only exposed to the P-laser radiation and if the full depletion of the population of the initial level is verified, and provided that the branching ratio for a spontaneous emission from the intermediate to the final level is known, then the fraction of the initial level which reaches the final level by optical pumping is readily determined. The enhancement of the population of the final level, when the suitably timed interaction with the Stokes laser is added, allows the determination of the transfer efficiency.
This approach is not applicable if the final level is more energetic than the intermediate level, as in a ladder system. However, also here the calibration involves a spontaneous emission. Figure 5 presents the particular levels and laser linkages needed to understand the calibration procedure.
Vibrational levels vЉ Ͼ 0 in the electronic ground state carry only a very small thermal population, if any. Therefore any additional population appearing in those levels results from a spontaneous emission after the laser driven processes. The coherent laser fields drive the population from the initial level g to level f, with a coupling provided via the level e. We are interested in the decay path f → e i → g 2 , where e i represents all the levels which contribute to the cascading transition from level f to level g 2 . In our experiments we choose level g 2 in the vibrational level vЉ = 1 with a rotational quantum number JЉ + 4 which can receive populations by spontaneous transitions from level f, but not from level e.
We are interested in the fraction of the population which has flowed through level f and ends up in level g 2 . This can be calculated using known transition probabilities for the sodium molecule. It means that the absolute calibration of the population of level g 2 with respect to the initial population of level g provides an absolute calibration of the population flow through level f driven by the P and S lasers.
The procedure for the calibration of the population in level g 2 is similar to the one described before for the conventional STIRAP technique in a ⌳ system. For this purpose, a probe laser D is used to induce fluorescence from level g 2 . A small thermal population in level g 2 is needed to allow the tuning of the D-laser frequency to a transition starting from this level prior to the implementation of the transfer process of the calibration.
For an absolute calibration of the fluorescence signal we turn off the S laser and tune the frequency of P laser to resonance with the transition between levels g 1 and e 1 ͑laser PЈ in Fig. 5͒ . The rotational numbers for these levels are JЉ + 2 and JЉ + 3, so spontaneous emission from level e 1 can populate level g 2 for which the rotational number takes the value JЉ + 4. Using known transition probabilities, we can calculate the fraction of the population of level g 1 which is transferred to level g 2 . We monitor this population by fluorescence, induced by the D laser. The ratio of two signals permits the absolute calibration of the efficiency of the population flow control.
The calibration signals
The signal S e originates from a sequence of laserinduced excitations and decays that culminate in fluorescence from level e 2 . The following sketch indicates the sequence of levels involved:
The P-and S-laser excitations are selective. The decay from level f to various ground electronic-state levels g i proceeds through several intermediate levels ͑also in other electronic levels not shown in Fig. 5͒ , as indicated by the summation. The D laser, acting spatially separated downstream from the S and P lasers ͑see Fig. 2͒ , carries the population from a chosen one of these ground levels, g 2 , into an excited level e 2 . Fluorescence from this level, selected by a suitable wavelength filter, provides the signal S e . The molecules that contribute to the fluorescence signal have a range of longitudinal velocities v ʈ ͑along the molecular beam axis and hence transverse to the laser beams͒, of velocities v Ќ along the laser beams, and of magnetic quantum numbers M, and they receive the radiation at a range of positions ͑x , y͒ within the cw laser beams. The signal S e is the sum of fluorescences from all of these molecules. We express it as the product of several factors, appropriately summed and integrated, expressing a sequence of probabilities:
The symbols have the following meanings.
• e denotes the efficiency for collecting fluorescence photons from level e 2 .
• W a→b is the probability that a molecule in level a ͑elec-tronic, vibrational, and rotational͒ will undergo a transition into level b. This factor is expressible as the product of an electronic transition probability ͑or branching ratio͒ R elec , a vibrational transition probability F FC , and a Hoenl-London ͑HL͒ rotational transition probability
In the present expression, ⌺ i W f→e i W e i →g 2 expresses the transition probability from f to g 2 through all possible intermediate levels.
• N g ͑v ʈ , v Ќ , x , y , M͒ is the initial population distribution in level g. We factor this as
where N g 0 is the total population of state g and w͑q͒ is the distribution function over the corresponding quantity q ϵ͕v ʈ , v Ќ , x , y , M͖. In our experimental conditions the geometrical size of the source of the molecular beam was much smaller than the beam diameter in the interaction region, and so w͑v Ќ , x͒ depends on spatial coordinate x.
• f ͑v ʈ , v Ќ , x , y , M͒ is the conditional probability for a molecule to be driven into ͑and decay from͒ level f, if before the interaction with the laser fields, the molecule was in a magnetic sublevel M of the initial level g at position ͑x , y͒ with velocity components v ʈ and v Ќ .
• p D ͑v ʈ , v Ќ , x , y , M͒ is the probability that a molecule in level g 2 will produce a photon via a D-laser excitation to e 2 and subsequent decay.
The calibration procedure uses an additional set of fluorescence measurements with no S-laser excitation. The D laser remains as in the first measurements, providing excitation from g 2 to e 2 , but the P-laser frequency is reset to resonance with a calibration transition between one of the ground levels g 1 and excited level e 1 ; we refer to this as the PЈ laser. The sequence of excitations and decays follows the pattern shown here:
The sequence starting with g 2 is identical with that of sequence ͑7͒. As with the signal of Eq. ͑8͒, we express the fluorescence signal from this process as the sum and integral over several factors:
The various factors are those defined following Eq. ͑8͒, with obvious changes of subscripts associated with the levels; like the previous f ͑v ʈ , v Ќ , x , y , M͒ the factor e ͑v ʈ , v Ќ , x , y , M͒ is here the conditional probability that a molecule will be excited into level e 1 .
Calibration of averaged efficiency
Equations ͑8͒ and ͑12͒ show that, in the general case, it is impossible to extract from the ratio of the signals S e and S c any information about the absolute efficiency of the population flow from g to f. Obtaining a calibrated signal requires PЈ and D lasers that are sufficiently strong to assure that all the ground-level populations, for molecules of any velocity and location in the beam, pass out of the ground level and into the excited level e 2 . Then the factors e ͑v ʈ , v Ќ , x , y , M͒ and p D ͑v ʈ , v Ќ , x , y , M͒ are equal to unity. This is fulfilled in our experiments because the average Doppler shift due to v Ќ is smaller than the saturation width of the transitions produced by those lasers. We have verified, using an auxiliary laser downstream, that optical pumping by the PЈ laser fully depletes the population of level g 1 . Also, under the conditions of our experiment, the size of the area seen by the detector is the same for the e-and f-level fluorescence signals.
It is not possible to examine in any detail the several contributions to the efficiency f ͑v ʈ , v Ќ , x , y , M͒. Instead, we define an averaged efficiency The ratio N g1 0 / N g 0 is the ratio of the initial total populations of levels g 1 and g. This ratio is known from the diagnostics of the molecular beam. For small J the thermal distribution is typically characterized by a rotational temperature T rot Ϸ 40 K resulting in a ratio of the populations N g1 0 / N g 0 = 0.96. 13 we had concluded that only about 35% of the population from level f decays through the A 1 ⌺ u + state. A new analysis of those data, now based on extensive numerical simulation studies, 15 has confirmed a branching ratio near 80%. Figure 6 displays the two signals S c and S e to be compared. These two signals are generated as the P and PЈ laser frequencies are scanned across the resonance with the g-e transition. The D-laser frequency is kept fixed, and the fluorescence induced by this laser produces both S c and S e . The S c signal has a broader width ͑in comparison with S e ͒ and exhibits the typical plateau around the resonance. This shape arises from the fact that the P and PЈ laser intensities are high enough to saturate their respective transition on and near the resonance. The S e signal, however, corresponds to the two-photon process explained in the section above, thus exhibiting a narrower line width. The ratio of the maxima of S e and S c is used in Eq. ͑16͒.
B. Comments on the signal from level e
The detection geometry used in the present experiments needs to be carefully considered. Because some consequences may be easily overlooked 16 we show and discuss in this section the data presented in Fig. 7 . We provide a direct FIG. 6 . Signals of laser induced fluorescence as a function of the PЈ and P-laser detunings ⌬ P Ј and ⌬ P , respectively; ͑a͒ S e signal given by Eq. ͑8͒; ͑b͒ S c signal as described by Eq. ͑12͒.
FIG. 7.
Variation of the fluorescence signals ͑in arbitrary units͒ induced by the P ͓͑a͒ and ͑b͔͒ and the D ͓͑c͒ and ͑d͔͒ lasers as a function of the P-laser detuning ⌬ P . The P-laser power was 260 mW for the upper frames ͓͑a͒ and ͑c͔͒ and 4.5 mW for the lower ones ͓͑b͒ and ͑d͔͒.
proof that the origin of the doublet-type structure 16 is geometric. In particular, we discuss the consequences of optical pumping which, combined with the actual detector geometry, prevent a reliable quantitative calibration of the signal from level e.
The magnitude of any laser induced fluorescence signal will be affected by optical pumping if the excitation probability approaches unity and the spatial region, from which fluorescence is collected does not cover the entire laser beam profiles. In the present experiment, the fluorescence from level f is collected by a fiber bundle with an aperture of 2 ϫ 5 mm 2 ͑with the long axis aligned parallel to the molecular beam axis͒, which is large compared to the laser beam diameter. However, the fluorescence from level e is collected by a single fiber with a core diameter of 200 m, which is smaller than the laser beam diameter. Thus, the detection channel for the f-level fluorescence collects light across the entire laser beam profiles with about uniform efficiency, but the detection of the e-level fluorescence is restricted to the region near the P-laser beam axis. The fluorescence signals are imaged onto the end surface ͑bundle͒ or core ͑single͒ of the fiber using a single lens without magnification.
We discuss the consequences of the difference in the detection geometry by considering a trajectory x͑t͒ of a molecule through the laser beam, subject to an intensity dependent ͑and thus spatially varying͒ probability density p ex ͓I P ͑x͔͒ ͑cm −1 ͒ for being excited and the probability
for a molecule to be excited after completion of the transit through the P-laser beam. We, furthermore, note that the electronic lifetime is short compared to the transit time through the laser beam. Thus, the fluorescence intensity originating from a given location x is proportional to the laser intensity I P ͑x͒ at that location. If P ex is small ͑either because the P-laser intensity is small or the P-laser frequency is tuned far off resonance͒, the spatial variation of the fluorescence intensity is proportional to p ex which in turn is proportional to the local P-laser intensity I P ͑x͒. Thus, the fluorescence intensity will be maximal near the region close to the P-laser beam axis. When P ex increases, the flux of molecules in level g, which reaches the laser beam axis, decreases because a substantial fraction of those molecules are already excited in the spatial wing of the laser beam profile and have decayed to other levels ͑for instance to level g 1 ͒. If P ex approaches unity, most molecules are excited in the wing of the laser beam profile and only few reach the region near the beam axis where they could be detected. Figure 7 shows spectral profiles of the e-level fluorescence induced by the P laser from molecules in level g, while the S laser is switched off. In Fig. 7͑a͒ the power is set at a level where P ex is close to unity when the P-laser frequency is tuned to resonance with the g-e transition. The excitation probability decreases with the increasing detuning ⌬ P from the resonance. Thus for the on-resonance tuning only few molecules will reach the center of the laser beam which is seen by the detector, and the observed signal is small. With the increasing detuning from resonance, the signal increases since more molecules in level g reach the laser beam axis despite the fact that P ex decreases. Therefore a dip is observed in the central part of the profile for ⌬ P = 0. When the laser power is reduced to a level such that P ex Ӷ 1, the flux of molecules which reach the P-laser beam axis in level g does not change appreciably as ⌬ P is varied, and thus a dip is not observed ͓see Fig. 7͑b͔͒ .
A direct proof of the fact that the profile shown in Fig.  7͑a͒ is indeed caused by optical pumping and the resulting change of location from where most of the fluorescence originates is given in Figs. 7͑c͒ and 7͑d͒ . These figures show the fluorescence induced by laser D from level g 1 downstream from the interaction region with the P laser. Level g 1 is populated by fluorescence from level e after the excitation of level g by the P laser ͑see Fig. 5͒ . The fluorescence signal is proportional to the flux of molecules in level g 1 through laser beam D. This flux, in turn, is proportional to P ex and is not sensitive to the spatial variation of the excitation probability within the P-laser beam profile.
V. CONCLUSIONS
We have implemented and demonstrated a method which allows an efficient control of the population flow through different levels in a ladder system. This control is done by changing the delay between the pulses. For a counterintuitive pulse sequence, the S pulse precedes the P pulse, and the population flow through level f is maximal. We explored the limits of this technique by studying the influence of laser powers and detunings. In addition, we have presented an approach to the calibration of the efficiency of the population flow through the upper level. This method is based on knowledge of the rich variety of rovibrational transitions in molecular systems and is independent of the kind of stepwise excitation scheme used. Finally, we have analyzed the consequences of the detection geometry and show why optical pumping may lead to a distortion of the line shape.
